Simple sequence repeats located within reading frames mediate phase-variable ON/OFF switches in gene expression by generating frameshifts. Multiple translation initiation codons in different reading frames are found upstream of most Haemophilus influenzae tetranucleotide repeat tracts, raising the possibility of multiple active reading frames and more than two levels of gene expression for these loci. Phase variation between three levels of gene expression (strong, weak, and none) was observed when lic2A was fused to a lacZ reporter gene. The lic2A 5 CAAT repeat tract is preceded by four 5 ATG codons (x, y, z1, and z2) in two reading frames. Each of these initiation codons was inactivated by site-directed mutagenesis. Strong expression from frame 1 was associated with x but not y. Weak expression from frame 2 was mainly dependent on the z2 codon, and there was no expression from frame 3. Using monoclonal antibodies specific for a digalactoside epitope of lipopolysaccharide whose synthesis requires Lic2A, two levels (strong and undetectable) of antibody reactivity were detected, suggesting that weak expression of lic2A is not discernible at the phenotypic level. Inactivation of the x initiation codon resulted in loss of strong expression of the digalactoside epitope and elevated killing by human serum. The failure to detect more than two phenotypes for lic2A, despite clear evidence of weak expression from the z1/z2 initiation codons, leaves open the question of whether or not multiple initiation codons are associated with more complex patterns of phenotypic variation rather than classical phase-variable switching between two phenotypes.
The capacity for generating extensive structural diversity of surface molecules is a feature of many microbial pathogens and facilitates their potential to colonize new niches, to adapt to variations in their microenvironments, or to survive attack from other organisms. An important process utilized by some species of bacteria for the generation of diversity is "phase variation" (PV), that is, stochastic, high-frequency switches in expression of structures present on the surface of an organism (1) . PV increases the fitness of a population by generating diversity in the absence of selective pressure (3, 27) . This allows a population to "preempt" a catastrophic collapse in numbers, such as might occur after an immune response to a surface antigen or during the establishment of a founding population after transfer between genetically distinct hosts. A major molecular mechanism of PV involves mutations in simple sequence repeat tracts (microsatellites). This mechanism occurs in multiple genes of a number of important bacterial pathogens including Haemophilus influenzae, Neisseria meningitidis, Helicobacter pylori, and Campylobacter jejuni.
H. influenzae is a gram-negative commensal bacterium of the human upper respiratory tract which is capable of causing severe diseases such as otitis media, septicemia, and meningitis. Several molecules on the surface of H. influenzae are subject to phase-variable expression including numerous epitopes of lipopolysaccharide (LPS), the major surface glycolipid of this bacterium (21) . LPS in H. influenzae consists of lipid A linked via 2-keto-3-deoxyoctulosonic acid to a triheptosyl backbone (21) . Oligosaccharide extensions, consisting of mainly hexose sugars, protrude from this backbone and are subject to substitution with additional groups, such as sialic acid (20) or phosphorylcholine (35) . Many of these extensions and substitutions are subject to PV. One example is the ␣-Gal-(1-4)-␤-Gal epitope, whose synthesis requires two phase-variable glycosyl transferases, Lic2A (16) and LgtC (19) , and can be influenced by a third, Lex2A (12) .
The repeat tracts of many phase-variable loci are located within the reading frames of genes (2) . Changes in repeat number affect gene expression by placing the reading frame in or out of frame with the translation initiation codon, usually resulting in two levels of gene expression, ON and OFF (e.g., siaD in N. meningitidis [14] ). The potential for more than two levels of differential expression is raised when there are multiple initiation codons located upstream of the repeat tract, and changes in the N-terminal region do not alter protein activity. In H. influenzae, tetranucleotide repeat tracts (microsatellites) located within the N-terminal region of the reading frame are the major mechanism of PV (19, 33) . Previous studies using monoclonal antibodies (MAbs) specific for surface-exposed epitopes of LPS have suggested that phase-variable genes in H. influenzae are translated from initiation codons located in different frames (16, 33) . The lic2A gene has a 5Ј CAAT repeat tract that is preceded by putative initiation codons in two reading frames, x/y in frame 1 and z1/z2 in frame 2. Expression of the digalactoside has been assigned to both these reading frames (23, 34) even though convincing evidence for the association between genotype and phenotype is only available for the x/y reading frame (17) . Also, three levels of reactivity or expression were detected and correlated with different repeat numbers and reading frames for the lic1 locus using MAb 6A2 (33) and by fusion of lacZ in frame with lic1D (26) . Similarly, differential levels of expression were observed and correlated with use of initiation codons in different reading frames when lacZ was inserted downstream of the repeat tract in the lic3A locus (30) . Finally, three levels of gene expression were reported for the mod gene, with weak expression being 40-fold lower than maximal expression (29) . Most of these studies were preliminary in nature and did not eliminate the possibility that the lower level of expression in a population of bacteria was due to small numbers of highly expressing phase variants. Additionally, these studies did not clarify the mechanism of differential expression and the correlation between gene expression and phenotype.
It is shown herein that lic2A is associated with three levels of gene expression due to repeat-mediated switching between the three reading frames, of which two contain multiple potential initiation codons. Site-directed mutagenesis demonstrated that alternate functional initiation codons give rise to three levels of differential gene expression of lic2A but to only two detectable levels of phenotypic expression of the Lic2A-dependent digalactoside epitope in the LPS.
MATERIALS AND METHODS
Bacterial strains and culture conditions. H. influenzae strain RM118, herein termed Rd, is an acapsular serotype d-derived strain and is equivalent to strain KW20, for which a genome sequence has been derived (10) . Strain RM7004 is a serotype b capsular strain (31) . H. influenzae strains were grown in brain heart infusion (BHI) broth supplemented with either hemin (10 g ml Ϫ1 ) and NAD (2 g ml Ϫ1 ) for liquid medium or with Levinthal supplement (10%) for solid medium. When required, kanamycin was added to a concentration of 10 g ml Ϫ1 , and X-Gal (5-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside) was added at a concentration of 40 g ml
] was used to propagate cloned plasmids and was grown at 37°C in Luria-Bertani broth supplemented, when required, with either ampicillin (100 g ml Ϫ1 ) or kanamycin (50 g ml Ϫ1 ). Construction of a lic2A-lacZ fusion. A lic2A-lacZ fusion was constructed on a plasmid in E. coli and then moved into the H. influenzae genome by transformation. Two separate regions encompassing the 5Ј and 3Ј ends of the lic2A gene and 1 kb of flanking sequence, to aid recombination into the H. influenzae genome, were amplified from genomic DNA of strain Rd by PCR. To amplify the upstream region, primer lic2Eco (5Ј-CTGAATTCAGCAGTGAGCGAGAGC ATAG-3Ј) was used in conjunction with lic2Kpn (5Ј-AAGGTACCTCGCCAA GAATTACATCATCTTC-3Ј), and to amplify the downstream region, primer lic2Bam (5Ј-ACGGATCCAGAAATGCAAGGTAAAGAAAT T-3Ј) was used with lic2Sal (5Ј-CTGTCGACACTCAATTTGGCATAACCTAAC-3Ј). The resultant products were cloned using the TOPO TA cloning kit (Invitrogen). To form the plasmid plic2AlacZ, the lic2A regions were excised with the restriction enzymes whose sites were present in the PCR primers (EcoRI, KpnI, BamHI, and SalI) and cloned in a stepwise procedure into the plasmid pUC19 either side of a lacZ gene which was excised from pCH110 (Pharmacia) using the KpnI and BamHI restriction sites. A Tn903 kanamycin resistance cassette (Kan r ) was excised from pUC4K (Pharmacia) using BamHI and cloned into the corresponding site downstream of the lacZ open reading frame. The resultant plasmid, plic2AlacZkan, was linearized using SphI prior to transformation into H. influenzae strain Rd as previously described (15) .
A kanamycin-resistant H. influenzae transformant which produced blue colonies on X-Gal-containing medium was designated Rdlic2AlacZ (data available upon request) and selected for use in PV experiments. The integrity of this transformant (and all the other transformants described below) was confirmed by automated DNA sequencing (ABI) of PCR products and by Southern blot analysis. DNA sequencing was performed with primer lic2A-ATG2 (5ЈTGACC GCTCTTTTATAAATAAATTTTG-3Ј), which binds 116 nucleotides upstream of the x initiation codon, a region that is likely to include the promoter elements for lic2A in addition to the four 5Ј ATG initiation codons and the DNA repeat tract. No mutations were noted in this region for this transformant (or for any of the other transformants described below). This transformant had 22 5Ј CAAT repeats, as in the wild-type strain, putting the lacZ open reading frame in frame with the x and y 5Ј ATG initiation codons.
Construction of initiation codon mutants. Translation initiation codons ( Fig.  1) were mutated using a QuickChange site-directed mutagenesis kit (Stratagene). Complementary forward and reverse primers were designed to alter the DNA sequence from 5Ј ATG to 5Ј CTT. The sequences of these forward primers are as follows: ATG x Forward, 5Ј-GTTATTTCCATTTTTATTTAAATCTTAG TGCTATTGAAAATATTGTC-3Ј; ATG y Forward, 5Ј-GAAAATATTGTCAT TAGTCT TGAAAATGCAACTGAACG-3Ј; ATG z1 Forward, 5Ј-GTCATTAG TATGGAAACTTC AACTGAACGTCGC-3Ј; and ATG z2 Forward, 5Ј-CTTTC ATTTAGTTTCTTTACTTCGTACACTTATCAATCAATC-3Ј). Mutagenesis was carried out on the plic2AlacZ plasmid due to size constraints for efficient PCR amplification. Plasmids carrying the appropriate mutation were selected and Kan r was inserted as described above to form the constructs plic2A⌬xlacZkan, plic2A⌬ylacZkan, plic2A⌬z 1 lacZkan and plic2A⌬z 2 lacZkan with altered x, y, z1, and z2 codons, respectively. In addition to these plasmids, a spontaneous mutation in codon y was also obtained that allowed construction of an x and y double mutant, which was designated plic2A⌬xylacZkan. These mutated genes were transformed into H. influenzae strain Rd as described above (strain data available upon request).
Measurement of lic2A reporter construct phase variation rates. PV rates (mutations/cell/generation) were calculated as previously described (4, 8) . Briefly, a single colony was selected from an overnight BHI-X-Gal plate and serially diluted before plating. A further eight colonies were selected from this new plate and diluted again. Two 50-l aliquots of the 10 Ϫ3 dilution and one aliquot of the 10 Ϫ4 dilution were plated onto BHI-X-Gal plates. The PV frequency was determined as the mean number of variant colonies from the two high-density plates divided by 10 times the total number of colonies on the low-density plate. To permit comparisons with previously published data, mutation rates were then calculated using the mutant accumulation method of Drake (9) . The median mutation rate was calculated using the combined data from at least two independent experiments. Differences in the median mutation rates of strains were compared using a Mann-Whitney test for statistical significance. Statistical analyses were carried out using the Prism 3.0 biostatistics package (Graphpad, San Diego, CA).
Determination of variant colony frame switches. To determine the frame into which variant colonies had switched, the region of the lic2A gene containing the repeat tract was amplified by PCR from the parental colony and two variants from each set of eight serial dilutions. The upstream primer lic2A-121F (5ЈAC TGAACGTCGCAAACAT-3Ј) was used in conjunction with three identical downstream primers (5Ј-TCCCAGTCACGACGTTGT-3Ј) lacZB1-F, lacZB1-T, and lacZB1-H, fluorescently labeled with the dyes 6-carboxyfluorescein, tetrachloro-6-carboxyfluorescein, and hexachloro-6-carboxyfluorescein, respectively. The resultant products were sized on a polyacrylamide gel using an ABI 377 DNA sequencer and the Genescan software package (Perkin Elmer). Frameshifts were inferred from the differences in sizes of PCR products derived from the variant and parental colonies. The DNA sequence of one set of parental and variant colonies from each experiment was determined by automated sequencing with a Big Dye kit (Perkin Elmer) to confirm the Genescan data.
␤-Galactosidase assay of initiation codon mutants. A total of 40 l of overnight culture was used to inoculate 5 ml of fresh medium which was aerated at 37°C until it reached an optical density at 600 nm (OD 600 ) of between 0.28 to 0.70. The cultures were cooled on an ice and water mixture for 20 min to stop growth before the culture was pelleted, and 1 ml (nonconcentrated) or 5 ml (concentrated) of culture was resuspended in 1 ml of phosphate-buffered saline (PBS) and the absorbance at OD 600 was recorded. Aliquots (100 l and 500 l) of each sample were made up to 1 ml in a Bijou container using Z buffer (0. Construction of initiation codon mutations in the lic2A gene. The lic2A gene and flanking sequence were amplified by PCR with primers lic2Eco and lic2Sal and cloned using the TOPO TA (Invitrogen) system. The enzyme XbaI cleaves the lic2A gene at a site 3Ј of the repeat tract. Used in conjunction with SalI, this digestion excises a fragment containing the section of lic2A gene replaced in the reporter constructs and 1 kb of downstream flanking sequence. The enzymes EcoRI and XbaI were used to digest the plasmids plic2A⌬xlacZkan, plic2A⌬ylacZkan, plic2A⌬z 1 lacZkan, and plic2A⌬z 2 lacZkan, excising a fragment containing 1 kb of upstream sequence and the 5Ј end of the lic2A gene, including the start codons and repeat tract. The upstream EcoRI/XbaI and downstream XbaI/SalI fragments were then ligated together into pUC19, previously digested with EcoRI and SalI, to form constructs containing the full-length lic2A gene and corresponding mutated initiation codons. The Kan r cassette was ligated into each of these constructs as described above to form the plasmids plic2A⌬xkan, plic2A⌬ykan, plic2A⌬z 1 kan, and plic2A⌬z 2 kan. A control plasmid containing no mutations was also created. These plasmids were linearized, using SphI, and transformed into H. influenzae strains RM7004 and RM7004lgtC⌬5ЈGACA as described above (strain data available upon request).
Detection of the ␣-Gal-(1-4)-␤-Gal digalactoside on surface-expressed LPS of H. influenzae. Bacteria were grown overnight on agar plates and then transferred to nitrocellulose filters which were allowed to air dry before nonspecific binding sites were blocked with 0.05% (vol/vol) PBS-Tween 20 (PBST)-2% (wt/vol) bovine serum albumin (BSA) in a petri dish for 1 h. The filters were washed for three 2-min periods with PBST before being incubated with specific monoclonal antibody for 4 h, used at a dilution of 1/100 in PBST-BSA. Excess specific antibody was washed off as above using PBST, and the filter was incubated with a 1:2,000 dilution of an anti-mouse alkaline phosphatase conjugate antibody for 1 h. Filters were washed three times with PBST, and bound antibody was detected with 5-bromo-4-chloro-3-indolyl-phosphate-nitroblue tetrazolium (Perkin Elmer Life Sciences, Inc.). The color reaction was stopped by washing several times with water before allowing the blots to air dry.
Analysis of LPS by T-SDS-PAGE.
A 10-l loopful of bacteria from an overnight plate-grown culture was resuspended in 1,000 l of PBS. The relative concentration of this sample was determined by making a 1:50 dilution in 1% SDS (wt/vol)-0.1 M NaOH and measuring the absorbance at OD 260 . Suspensions were adjusted to equivalent concentrations in PBS prior to the addition of 12.5 l of suspension to an equal volume of 2ϫ dissociation buffer (125 mM Tris, pH 6.8, 20% [vol/vol] glycerol, 4% SDS, 10% mercaptoethanol, 0.004% bromophenol blue) and boiled for 5 min. Lysates were then resolved by tricine-SDSpolyacrylamide gel electrophoresis (T-SDS-PAGE) using a method described previously (25) . Gels contained 16.5% acrylamide (wt/vol) and were run at 35 mA and 4°C overnight. Resolved bands were detected by staining with silver (Quicksilver; Amersham Pharmacia Biotechnology).
Survival of the bactericidal effects of human serum. Bacteria cultured on BHI agar plates were assayed for survival in pooled human sera as described previously (20) . Briefly, ϳ1,000 cells were incubated for 45 min in serial dilutions of human sera in PBS containing 0.1% glucose and 0.1% fetal calf serum, and surviving bacteria were enumerated by plating samples on BHI agar plates. 
RESULTS
Most H. influenzae phase-variable genes contain multiple initiation codons upstream of the repeat tract. It was noted previously that several genes associated with tetranucleotide repeats have multiple potential translational initiation codons (33, 36) . A systematic assessment of their prevalence was performed by searching for all the 5Ј ATGs upstream of the repeat tract in genes within the published complete genome sequence of H. influenzae strain Rd that contained tetranucleotide repeats (19) . Three cryptic genes could not be analyzed because they lacked the potential to be translated in any of the three frames owing to mutations in the sequence downstream of the repeat tract. Inspection of the DNA sequences upstream of the repeat tracts revealed that eight of these genes contained two or more putative 5Ј ATG initiation codons in two or more of the three possible reading frames (Table 1 ). In all of these genes, except mod, these putative initiation codons were within 90 bp of the start of the repeat tract.
Multiple initiation codons of lic2A are conserved in different strains. To investigate whether the presence of multiple initiation codons in strain Rd is a general feature of H. influenzae strains, the 180 bp of DNA upstream of the lic2A repeat tract were sequenced from several strains. These strains were selected as being representative of the genetic diversity of different capsular serotypes and capsule-deficient, nontypeable isolates of H. influenzae (7) . Alignment of these sequences indicated that all of the 5Ј ATG codons in lic2A were invariant and that the sequences around these codons were highly conserved (data not shown). Although the Shine-Dalgarno sequence is a major determinant of translation initiation in many bacteria and can be used to identify functional initiation codons, no such sequences were identified adjacent to any of the initiation codons in the lic2A 5Ј region.
Demonstration of phase variation using a lic2A-lacZ reporter gene construct. Phenotypic analysis of lic2A is complicated because synthesis of the ␣-Gal-(1-4)-␤-Gal epitope is dependent on three phase-variable enzymes. Therefore, the effect of the different lic2A 5Ј ATG initiation codons (Fig. 1A) on expression of this gene was investigated at the genotypic level by fusing a lacZ gene, lacking an initiation codon, in frame with the lic2A initiation codons. This reporter construct was introduced by transformation into the genome of H. influenzae strain Rd to generate strain Rdlic2AlacZ (the wild-type [WT] strain). Changes in the number of 5Ј CAAT repeats will cause frameshifts which place the lacZ gene either into one of the two frames with initiation codons, where x and y are in one frame and z1 and z2 are in another frame, or into the frame lacking initiation codons (Fig. 1B) .
PV rates were determined for variants with 22 5Ј CAAT repeats which place lacZ in frame with the x/y codons. These colonies displayed an ON phenotype as evidenced by the production of blue colonies on plates supplemented with X-Gal. The rate for ON-to-OFF switching (blue to white) was 1.13 ϫ 10 Ϫ4 (Table 2 , WT), which approximates to the rates previously determined for a 5Ј AGTC repeat tract of similar length (8) . The OFF-to-ON rate (white to blue) was determined using colony variants with 21 repeats (resulting in fusion of lacZ to the frame lacking initiation codons) and was 1.89 ϫ 10 Ϫ4 (Table 2 , WT). This rate was significantly different from the ON-to-OFF rate (P Ͼ 0.0001 using a nonparametric MannWhitney Test). The ratio of ON-to-OFF:OFF-to-ON PV rates provides an indication of the number of frames associated with expression. A ratio of 2 indicates expression in one of the three frames, and a ratio of 0.5 indicates expression in two frames. 
org).
b An initiation codon-containing frame is an open reading frame which contains no stop codons between a 5Ј ATG and the repeat tract. One or more 5Ј ATGs may be present in each of these frames.
c Indicates the combined total of the 5Ј ATG codons found in the initiation codon-containing open reading frames. a The mutation rate was calculated using the median frequency by the method of Drake (9) . Confidence intervals (CIs) were calculated as described by Kokoska et al. (24) .
b WT, wild-type strain Rdlic2AlacZ. ⌬ATGx, Rdlic2A⌬xlacZ; ⌬ATGy, Rdlic2A⌬ylacZ; ⌬ATGxy, Rdlic2A⌬xylacZ; ⌬ATGz1, Rdlic2A⌬z1lacZ; ⌬ATGz2, Rdlic2A⌬zlacZ.
The ratio of 0.6 observed for Rdlic2AlacZ indicated that expression of lic2A occurs in two of the three possible frames ( Table 2) .
The repeat tract lengths of variant colonies were analyzed in order to determine the frames associated with expression of lic2A in Rdlic2AlacZ. For OFF-to-ON switching, ON variant colonies were associated in high proportions with both the x/y and z1/z2 frames (Table 3, WT) . For ON-to-OFF switching, the majority of OFF variant colonies were, as expected, associated with the frame lacking initiation codons (Table 3, WT) . However, a high proportion of OFF variants (29.3%) were also associated with the z1/z2 frame. Qualitative assessment of colony phenotypes indicated that, whereas ON variants in frame with the x/y codons were "strong blue," those in frame with the z1/z2 codons were "light blue." It was concluded that factors such as colony size and age resulted in variations in the intensity of the light blue such that detection of this phenotype was difficult, resulting in the association of the z1/z2 frame with colonies of both the ON (light blue) and OFF (white) phenotypes.
Phase variation rates of initiation codon mutants. The above results indicated that both the x/y and z1/z2 frames of the lic2A-lacZ construct were associated with expression but did not identify which initiation codons were functional. To determine their precise roles, initiation codons x, z1, and z2 were altered, by site-directed mutagenesis of plic2AlacZ, from 5Ј ATG to 5Ј CTT. This codon was chosen because it maintained the percent GϩC content of the DNA flanking the repeat tract, a possible factor affecting DNA stability and, hence, the stability of repeat tracts (6) . A spontaneous mutation of the y codon from 5Ј ATG to 5Ј AGG was also obtained. This serendipity provided a y initiation codon mutation and also enabled construction of an x/y double mutant. A kanamycin resistance gene was cloned into these plasmids and used to select for transformants of H. influenzae strain Rd in which the plasmid had recombined into the chromosome.
Colonies of ON variants from the strains with mutations in the y, z1, z2, and x/y codons (Rd lic2A⌬ylacZ, Rdlic2A⌬z1lacZ, Rdlic2A⌬z2lacZ, and Rdlic2A⌬xylacZ, respectively) were blue while those of the x codon mutant (Rdlic2A⌬xlacZ) were light blue. The blue color observed for the x/y double mutant indicated that mutation of the y codon from 5Ј ATG to 5Ј AGG had increased expression from the z1/z2 frame (possibly due to generation of a more effective Shine-Dalgarno site).
For each of the above mutants, PV rates were determined for both directions of switching and these rates were in the same order of magnitude as those of the parental strain, Rdlic2AlacZ (Table 2 ). However, differences were apparent in the ON-to-OFF:OFF-to-ON ratios, which were 1.9, 2.0, and 2.0 for the x, x/y, and z2 mutants, respectively, and 0.5 and 0.6 for the z1 and y mutants, respectively. These results indicated that only one reading frame was active in the x, x/y, and z2 mutants.
Determination of frames associated with expression in variant colonies of initiation codon mutants. Repeat tract lengths in variants of the initiation codon mutants were determined in order to identify the frames associated with expression (Table 3) . While the pattern of mutations in Rdlic2A⌬ylacZ was unaltered relative to the strain containing the parental construct, mutation of the x codon led to a complete loss of expression associated with this frame; i.e., all of the ON variants of Rdlic2A⌬xlacZ were in frame with the z1/z2 codons while many of the OFF variants were now in frame with the x/y frame.
For OFF-to-ON switching, mutation of z2 abrogated detection of ON variants associated with the z1/z2 frame while mutation of z1 produced no clear change relative to the parental construct. For ON-to-OFF switching, OFF variants in frame with the z1/z2 codons were detected for both the z1 and z2 mutants but at a lower level than for the parental strain. These results suggested that inactivation of either the z1 or z2 initiation codons reduced expression from this frame but that the effect of the z2 mutation was greater than the z1 mutation.
Quantification of expression levels associated with each initiation codon. To quantify the differences in the translational activity associated with each initiation codon, ␤-galactosidase assays were performed on mid-log phase cultures of variants of the parental strain, Rdlic2AlacZ, and the mutant strains a Mutation events were classified as either deletions or insertions of 5Ј CAAT repeat units that consisted of 1, 2, or more than 2 repeat units. Each type of mutation event is expressed as a percentage of the total number of events analyzed. The initiation codon associated with each mutation event or frameshift is indicated in parentheses. The frame lacking any putative initiation codons is represented by zero.
b WT, wild-type strain Rdlic2AlacZ. For other designations, see Table 2 .
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( Fig. 2) . High levels of ␤-galactosidase activity were observed for the parental strain when the repeat number placed the lacZ gene in frame with the x/y reading frame [ Fig. 2A , wt (x/y)]. Mutation of the x codon or the x and y codons, but not the y codon alone, resulted in undetectable levels of ␤-galactosidase activity [ Fig. 2A , compare wt (x/y) with Mut. x (x/y), Mut. x/y (x/y), and Mut. y (x/y)], thus providing strong evidence that the x, but not the y, codon was the only functional codon in this frame. A sixfold lower level of activity was detected for the z1/z2 frame than for the x/y frame [ Fig. 2A , compare wt (x/y) with wt (z1/z2)] in the parental strain. Intriguingly, a high level of activity associated with the z1/z2 frame was detected in the x/y double-mutant [ Fig. 2A , Mut. x/y (z1/z2)], providing a further indication that the y-codon mutation had increased expression from this reading frame. The ␤-galactosidase activity associated with the z1/z2 frame was reduced to background levels when the z2 codon was mutated [ Fig.  2A , Mut. z2 (z1/z2)] and was significantly reduced when the z1 codon was mutated [P Ͻ 0.01 for a pairwise comparison of ␤-galactosidase activities variants of strains Rdlic2AlacZ and Rdlic2A⌬z1lacZ in frame with the z1/z2 codons wt (z1/z2) and Mut. (z1/z2) ( Fig. 2A) , respectively, using a Student t test). This result suggested that translation in the z1/z2 frame is primarily initiated from the z2 codon. The ␤-galactosidase activities associated with the z1/z2 frame in the parental construct could be due to the presence of small numbers of phase variants in which the lacZ gene is in frame with the x/y initiation codons. Therefore, a further series of assays was performed with the x mutant and x/y double mutant (Fig. 2B ) in which translational activity can only occur in the z1/z2 frame. As described above ( Fig. 2A) , a high level of activity was detected for the z1/z2 frame with the x/y double mutant. No activity was detected for the negative controls (strain Rd in which there is no lacZ gene and strain RdK1C in which there is a termination codon between the lic2A and lacZ genes abrogating expression in any reading frame). A low level of activity, ninefold lower than the positive control, was detected for variants of the x mutant in frame with the z1/z2 frame (Fig. 2B, Mut. x, z1/z2) , providing an unequivocal dem-FIG. 2. Relative ␤-galactosidase activities of lic2A-lacZ reporter strains with and without mutations in putative initiation codons. Assays were performed in triplicate using exponential phase cultures either nonconcentrated (A) or fivefold concentrated (B). Mean specific activities and standard deviations were calculated. Activities are expressed as a percentage of the strain with highest activity. The designations for each strain are as follows: wt, Rdlic2AlacZ; Mut. x/y, Rdlic2A⌬xylacZ; Mut. x, Rdlic2A⌬xlacZ; Mut. y, Rdlic2A⌬ylacZ; Mut. z1, Rdlic2A⌬z1lacZ; Mut. z2, Rdlic2A⌬z2lacZ; Rd, H. influenzae strain Rd (i.e., lacking a lacZ gene); and RdK1C, Rdlic2AK1ClacZ (a reporter strain containing a stop codon between the two genes preventing translation of the lacZ gene from any of the lic2A initiation codons). The frames, where relevant, are indicated in parentheses, with OFF indicating that the frame lacks initiation codons.
onstration that the z1/z2 reading frame is associated with an intermediate level of expression.
Influence of initiation codon mutations on expression of the native lic2A gene. Given the results of the genotypic analysis with lacZ reporter constructs, lic2A phenotypes in wild-type and mutant strains were investigated by studying a digalactoside epitope of H. influenzae LPS whose expression is dependent on Lic2A (12, 16, 18) . This digalactoside epitope is a component of the structures recognized by two monoclonal antibodies, 4C4 and MAHi5, and has been extensively studied in strain RM7004 (5, 13, 32) . This strain, therefore, was chosen for studies of the native lic2A phenotypes, and transformants were obtained in which the native gene or the lic2A initiation codon mutations were transferred from the Rd background into strain RM7004. To enable selection of transformants, a kanamycin resistance cassette was inserted into an adjacent gene, ksgA, whose inactivation had previously been shown not to affect the LPS phenotypes of H. influenzae (17) . A control construct was also generated in which ksgA was disrupted, but lic2A was unaltered. Expression of the digalactoside epitope is, in addition to lic2A, also dependent on the phase-variable genes lgtC and, to a lesser extent, lex2 (12, 16, 18) . Thus, in addition to RM7004, the plasmid constructs were also transformed into an isogenic mutant (RM7004lgtC⌬5ЈGACA) in which expression of the lgtC gene is constitutive due to the absence of the tetranucleotide repeat tract (11) .
The repeat numbers for lic2A, lgtC, and lex2 genes were determined for all transformants by PCR amplification and DNA sequencing. In each case, the lic2A gene had 22 repeats, which places the gene in frame with the x/y initiation codons. No changes were observed in the repeat numbers of the lgtC and lex2 genes relative to the parental strains. Phase variants showing reduced expression of the digalactoside epitope were obtained for the control strain and the strains with mutations in codons z1 and z2. These variants were identified by colony immunoblotting with MAbs 4C4 or MAHi5. Phase variants were selected for further analysis, which exhibited alterations in the lic2A repeat tract (i.e., resulting in a switch from the x/y frame to the z1/z2 frame or the frame lacking initiation codons) but no alterations in the lgtC or lex2 repeat tracts.
Expression of the digalactoside epitope was compared by performing immunoblotting and Western blotting with the MAbs 4C4 and MAHi5. Neither disruption of ksgA nor mutation of the y codon of lic2A affected expression of the digalac- toside epitope, since the MAb MAHi5 showed strong reactivity against phase variants of RM7004lic2Akan and RM7004lic2A ⌬ykan that were in frame with the x/y codons (Fig. 3A , sectors 2 and 4). Mutation of the x initiation codon abrogated the MAb reactivity associated with the x/y frame (Fig. 3A, sector  3) . Similar results were found in the strain lacking tetranucleotide repeats in lgtC, RM7004lgtC⌬5ЈGACA (Fig. 3B , sector 10) and with MAb 4C4 (data not shown), although in this case reactivity was significantly less than that observed with MAb MAHi5. An intermediate level of MAb MAHi5 reactivity was exhibited by phase variants of both RM7004lic2Akan (Fig. 3A , sector 5) and RM7004lgtC⌬5ЈGACA (Fig. 3B, sector 12 ) that were in frame with the z1/z2 initiation codons. Antibody reactivity was reduced to background levels in the z1 and z2 mutants of both strains (Fig. 3, sectors 6, 7, 13, and 14) , suggesting that the z1/z2 frame was associated with an intermediate level of expression. However, populations with intermediate levels of reactivity contained a small number (Fig. 3B , ϳ1/60 for sector 12) of highly reactive phase variants (Fig. 3C and data not shown), indicating that this reactivity may be due to the presence of variants in frame with the x/y frame.
Functional characterization of the lic2A initiation codon mutants. Further investigation of the LPS glycoforms was undertaken using SDS gel electrophoresis (Fig. 4) and Western blotting (data not shown). Phase variants of strains RM7004, RM7004lgtC⌬5ЈGACAlic2Akan, and RM7004lgtC⌬5ЈGACAlic 2A⌬ykan (Fig. 4, lanes 1, 2 and 4) , in which lic2A was in frame with the x/y initiation codons, had equivalent LPS profiles, consistent with the presence of digalactoside extensions from the first and/or second heptoses. In other phase variants and mutant strains, most notably the x initiation codon mutant (Fig. 4, lane 3) , truncated glycoforms were the major LPS component. Small amounts of the larger glycoforms were observed when lic2A was in frame with the z1/z2 codons but not in the frame lacking initiation codons (Fig. 4, lanes 5 and 8) . The presence of the digalactoside epitope in the larger LPS glycoforms of RM7004, RM7004lic2Akan, and RM7004lic2A⌬ykan was confirmed by Western blotting with MAb 4C4 (data not shown). No MAb 4C4-reactive bands were detected in the other mutants. Attempts to demonstrate differences in bactericidal sensitivity between these strains were unsuccessful, possibly due to the dominant effect of the capsule as a determinant of bacterial survival in this assay (data not shown).
Some of the lic2A initiation codon mutations were then transferred into an RdlgtC⌬5ЈGACA strain background. This acapsulate strain is more sensitive to bactericidal killing than RM7004 and may permit small effects on bactericidal sensitivity to be detected. The mutations were transferred into this strain using chromosomal DNA from the RM7004 mutants, resulting in the concomitant transfer of genes lic2B and lic2C in all cases. LPS profiles of the Rdlic2Akan and Rdlic2A⌬ykan strains exhibited multiple glycoforms and a slightly more complex pattern than strain Rd (data not shown), consistent with previous studies (22) indicating that transfer of lic2B/lic2C leads to low levels of glucose extension from the second heptose as well as the third heptose (the normal position of oligosaccharide extensions in strain Rd). The similar profiles of Rdlic2Akan and Rdlic2A⌬ykan and the truncated profile observed with strain Rdlic2A⌬xkan (data not shown) again indicated that lic2A expression was abrogated by mutation of the x but not the y codon. Variants of Rdlic2Akan in frame with either the z1/z2 codons or no initiation codons also exhibited truncated LPS profiles (data not shown). Bactericidal assays with these mutants and variants demonstrated that strains exhibiting a truncated LPS profile were more sensitive to killing by normal human serum than strains expressing a more extended profile (Fig. 5) .
DISCUSSION
Bacteria can adapt to new environments through selection of genetic variants. These variants may contain multiple mutations and exhibit alterations in the expression of several genes. The presence of multiple contingency loci within a genome enables a bacterial species to rapidly explore numerous combinations of mutations and phenotypes. Thus, if the nine known functional contingency loci of H. influenzae strain Rd (Table 1 ) (18) exist in two states, ON and OFF, then this organism has access to 512 genotypes. Table 1 indicates that eight of these loci have initiation codons in two or more readings frames. If these reading frames were associated with three levels of expression (or indeed different functional variants of the protein), then there are 13,122 potential genotypes. Multiple levels of differential expression from phase-variable loci could, therefore, be a powerful driver of genetic diversity. We have examined this phenomenon by investigating the expres- Three lines of evidence were obtained with a reporter strain, Rdlic2AlacZ, indicating expression from two reading frames of lic2A and differential expression levels for each of the three reading frames: (i) a low ON-to-OFF:OFF-to-ON ratio (0.6) indicating expression in two frames (Table 2) , (ii) ON variants containing repeat numbers placing either the x/y or z1/z2 initiation codons in frame with lacZ (Table 3) , and (iii) qualitative assessment of colonies indicating three levels of lacZ expression. These results with the lic2A-lacZ reporter construct were then confirmed and extended to an identification of the active initiation codons by site-specific mutagenesis of the lic2A 5Ј ATG initiation codons. Expression from two reading frames in the wild-type gene was confirmed by the loss of this phenotype in the x, x/y, and z2 mutants which exhibited an increase in the ON-to-OFF:OFF-to-ON ratios to ϳ2.0 (Table  3; i.e., a ratio of 2.0 indicates that ON-to-OFF switching is twice as likely as OFF-to-ON switching because there are two OFF reading frames for every one ON reading frame) and an association of ON variants in these mutants with only one reading frame (Table 3 , OFF-to-ON switching). Differential expression of the x/y and z1/z2 reading frames was indicated by the light blue phenotype of x-mutant ON variants (i.e., in frame with the z1/z2 codons) and the dark blue phenotype of ON variants of z2 mutants (i.e., in frame with x/y codons) (data not shown). The x codon was identified as the functional codon in the x/y frame by the opposing phenotypes of the x and y mutants (compare the ON-to-OFF:OFF-to-ON ratios, the association of ON variants with x/y frame, and the qualitative assessment of the ON variants expression levels) and by the lack of activity associated with the x/y frame in the x/y mutant (Fig. 2) . Finally, the z2 codon was identified as the major functional initiation codon in the z1/z2 frame by the higher ON-to-OFF:OFF-to-ON ratio of the z2 mutant relative to the z1 mutant (Table 2 ) and the inability to detect ON variants associated with the z1/z2 frame during OFF-to-ON switching of the z2 mutant in contrast to the frequent detection of such variants with the z1 mutant (Table 3) .
Quantitative analysis of the expression levels associated with the different reading frames in a phase-variable locus is subject to a significant caveat, which is that the cultures/populations used for analysis may contain small numbers of phase variants of the highly expressing genotype (Fig. 2 , OFF variants of Rdlic2AlacZ). In the ␤-galactosidase assays presented herein, different levels of expression were detected for each of the reading frames of lic2A: high expression from the x/y reading frame, ninefold lower expression from the z1/z2 reading frame, and no expression in the third reading frame. Expression from the z1/z2 frame was also quantified using Rdlic2A⌬xlacZ. The ␤-galactosidase activity detected for this mutant cannot be due to small numbers of phase variants in frame with the x/y initiation codons as expression from this frame was abrogated by the mutation of the x initiation codon. While it is formally possible that the x codon mutation has activated expression from z1/z2 frame or that the absence of translation of the x/y frame increases translation of the z1/z2 frame, these results provided further evidence that the z1/z2 frame is associated with a low level of expression.
Expression of the digalactoside epitope has previously been assigned to both the x/y and z1/z2 frames of lic2A (23, 34) , but this association has not been rigorously investigated. Expression of this epitope, therefore, was examined using monoclonal antibodies specific for this epitope and both wild-type and mutant strains. PV of lgtC and lex2 was controlled for in our experiments by examining strains lacking repeats (11) or by checking that repeat numbers of these genes had not altered (data not shown). Analysis in RM7004 demonstrated that strong expression of the digalactoside epitope was associated with only the x/y frame of lic2A (Fig. 3) and that this expression was lost in an x but not a y mutant as evidenced by loss of reactivity with MAbs and a truncated LPS profile for the former but not latter mutant (Fig. 4) . The functional importance of this change was indicated by the increased serum sensitivity of the x mutant (Fig. 5) . Some weak expression of the digalactoside epitope was detected for variants of the native lic2A gene in frame with the z1/z2 codons, but this reactivity was most likely due to small numbers of highly reactive variants in frame with the x codon (Fig. 3) . Indeed, no phase variants exhibiting any reactivity with MAbs 4C4 and MAHi5 could be identified, despite repeated attempts, for x mutants of strain RM7004 (data not shown). Similarly, we were unable to detect changes in serum resistance associated with the z1/z2 frame for either the native or mutant genes of lic2A in strain Rd (Fig. 5) . These results demonstrated that there was no detectable expression of the digalactoside epitope associated with the z1/z2 frame of lic2A and that, in contrast to the gene expression data, there were only two levels of phenotypic expression for this gene.
The inability to detect expression of the digalactoside epitope associated with the z1/z2 frame suggests that the find- ings relating to expression of lic2A (as assessed using the lacZ reporter constructs) do not correlate with expression of the tertiary gene product. Our analysis of phenotypic expression may indicate that there is no expression of the Lic2A protein from the z1/z2 frame or perhaps that a threshold level of Lic2A is required to allow effective synthesis and incorporation of this epitope into H. influenzae LPS. Alternatively, the N-terminal region of Lic2A encoded by the x/y frame may be required for Lic2A activity such that expression from the z1/z2 codons would result in a nonfunctional protein. It is notable that, in alignments between lic2A and related genes, conserved amino acids are present in the N-terminal sequences encoded from the x initiation codon up to the 5Ј CAAT repeats (17) . Finally, it is also possible that alterations in Lic2A expression results in changes to LPS epitopes not detectable with the monoclonal antibodies utilized in this study. The observation of multiple initiation codons upstream of the repeat tracts of many of the H. influenzae phase-variable loci raises the possibility that these loci may exhibit gene expression profiles extending beyond the simple ON/OFF paradigm. The proposition is that more than one of these initiation codons is functional, that the functional codons are associated with different levels of gene expression, and that alterations in the repeat tract permit selection of variants with different levels of gene expression. This work has demonstrated that the lic2A gene phase varies between three levels of gene expression and has identified the codons responsible for these different levels of gene expression. This conclusion was reached using data from robust analyses of phase variation rates and repeat tracts with wild-type strains and strains carrying initiation codon mutations. One interesting extension of this work will be identification of the factors (e.g., ribosome binding sites) responsible for preferential usage of the x initiation codon. Previous reports of multiple levels of gene expression from three other phase-variable loci of H. influenzae, mod, lic3A, and lic1 (29, 30), were not supported by similar analyses such that the weak activity reported in these studies may have been due to small numbers of highly expressing variants or limited data sets. This work also showed, however, that only two levels of phenotypic variation can be detected for the lic2A phase variants. As the promoter (likely to be located 50 to 100 nucleotides upstream of the x initiation codon) and 5Ј end of lic2A were conserved between strains (data not shown), it is likely that there will be a similar lack of weak expression of Lic2A-dependent glycoforms, particularly the digalactoside epitope, in other H. influenzae strains. It cannot be excluded, however, that minor amounts of other biologically important glycoforms will be produced in some strains, and, without further work, it cannot be concluded that the results obtained in the case of lic2A from one strain can be generalized to other phase-variable loci of H. influenzae, for example, the three levels of phenotypic variation proposed for lic1 (33) . Thus, the demonstration of three levels of lic2A expression is provocative and suggests that there is the potential for phase-variable loci to produce more than two levels of phenotypic expression which, if applicable to other loci, could result in a significant repeat-mediated increase in the repertoire of variants in H. influenzae.
